We review the available information on crystal twinning at high pressures and analyze the effect of hydrostatic pressure on the pseudosymmetry of selected compounds. Twinning by merohedry, type I and II, as well as pseuomerohedral twinning at high pressures has been described. For twinning by merohedry type I (inversion twinning) a reliable characterization of the twin domains and volume fractions is difficult and largely depends on the experimental conditions, i.e. the number of measured Friedel pairs and the chosen wavelength. For twinning by merohedry, type II, and for twinning by pseuodmerohedry twin volume fractions could be reliably determined for several cases. In none of these a significant influence of hydrostatic pressure on the volume fractions of the individuals was observed. Pressure-induced twinning has been observed for compounds which undergo first-order phase transitions. The twinning operation in the described cases is related to the loss of rotational symmetry elements of the higher symmetrical polymorph although the high and low pressure phases are not in group-subgroup relationship. The analysis of pseudosymmetry of several compounds as a function of pressure suggests that this parameter can be used to predict the (in)stability of compounds. In particular, a decrease in pseudosymmetry seems to be strongly correlated with the occurrence of first-order phase transitions in which the crystal breaks or amorphizes. The effect of hydrostatic and chemical pressure on the pseudosymmetry of the crystal structures can lead to different or even opposite trends, suggesting that the increase or decrease of pseudosymmetry cannot be understood as a pure volume effect.
Introduction
The effect of pressure on the symmetry of crystal structures is manifold and more complex than the effect of temperature variations. A decrease in temperature usually lowers (or maintains) the symmetry of a compound while an increase of temperature usually increases (or maintains) the symmetry of a compound. Pressure, on the other hand, can increase or decrease distortions within a crystal structure and lead to polymorphs of higher or lower symmetry and it is difficult to predict what the influence of pressure on the symmetry of a crystal structure will exactly be.
The majority of pressure-induced phase transition which are described in the literature are of first order and involve discontinuous changes of structural parameters and, in general, larger structural rearrangements than observed in temperature-induced phase transitions. However, to deduce that pressure favors the occurrence of first-order phase transition over phase transitions of second-order might be misleading. Second-order phase transitions are characterized by only small displacements of the atoms and thus relatively small changes in the corresponding intensity data. Given the experimental challenges in high pressure diffraction, which lead to considerable contamination of the observed intensities by the scattering of the components of the high pressure cell and a reduced information content due to the limited opening angles of the diamond anvil cells, these changes are not easily detected in high pressure data. This is particularly true for powder diffraction experiments where, in addition, the information content is considerably reduced due to the overlap of reflections with identical or similar θ values, when compared to a single crystal experiment.
If in a second-order phase transition the rotational symmetry of a compound is lowered, the lost rotational symmetry elements are converted into potential twin operations. In displacive phase transitions, where the atoms are only slightly displaced from a higher symmetrical structure, twinning is frequently observed. Yet also for first order and reconstructive phase transitions, where structural changes are more pronounced, twinning has been observed, when the rotational symmetry is lowered as a consequence of the phase transition.
Little detail is provided in the literature with respect to twinning at high pressures. For certain types of twinning like e.g. twinning by merohedry Type I (i.e. inversion twinning) this is understandable, as one needs very precise intensity data to characterize the twinning in detail and, as mentioned before, these are difficult to obtain in high pressure studies due to the experimental setup. On the other hand, pseudo-merohedral twinning which involves a splitting of reflections in reciprocal space is easily detectable in high pressure experiments and has been described more frequently.
A consequence of a displacive phase transitions of second order is that the two involved polymorphs will usually be in group-subgroup relationships. In this case the lower symmetrical structure can still be easily related to the high symmetry polymorph and will show a pronounced pseuodsymmetry with respect to the higher symmetry. The analysis of the pseudosymmetry as a function of pressure can thus give valuable hints for the prediction of phase transitions at high pressures.
The aim of this article is to give a short overview of the available information on the occurrence of twinning under high pressure. In particular, this refers to aspects related to the observed twin laws, the behavior of twin volume fractions as a function of pressure, and the role of twinning when a compound undergoes a first-order phase transitions. In a second part, we will look at the evolution of pseudosymmetry as a function of pressure and discuss the usefulness of this concept for the prediction of phase transitions and structural stabilities at high pressures 1 .
Twinning
If two crystal individuals of the same type are grown together in an oriented way and if the different lattices of the individuals can be brought to the same crystallographic orientation by a rotation, reflection or inversion they are said to form a twin. The twin law is the set of twin operations mapping two or more individuals of a twin on each other. The classification of twins used by us in the following closely follows the one given by Friedel [1] and adapted in the International Tables for Crys- tallography [2, 3] . This classification is based on the orientation of the lattices of the different twin individuals and will be only very briefly explained in the following paragraph. For further reading on twinning the reader is referred to the review articles available in the literature e.g. [4] [5] [6] [7] .
In merohedral twins the twin operation belongs to the point group of the lattice but not to the point group of the crystal i.e. the point group of the crystal is a subgroup of the point group of the lattice. In pseudomerohedral twins the crystal lattice is pseudosymmetric, that is at least a lattice row or a lattice plane approximately corresponds to an additional rotational symmetry element. These pseudosymmetry elements of the lattice are potential twinning operators 2 . Twins in diffraction experiments are relatively easy to understand: the diffraction pattern is simply the superposition of the diffraction patterns of the different twin individuals. Thus the intensity of one reflection containing contributions from different individuals is the sum of the intensities of the different individual reflections weighted with the respective volume fractions of the domains:
The volume fractions v n of the different individuals enter as refinable parameters in the structure refinement process.
Although there might be specific examples where the consequence of overlooked twinning is merely a slight increase of the overall agreement factor, while the refined structural details are not significantly influenced, one has to bear in mind that overlooked twinning can lead to wrong structural features and symmetries (see e.g. [8] for the discussion of such an example). In high pressure data, where the errors in observed intensities are already higher than in ambient pressure data, the error in the intensities will be even further increased, if twinning is not correctly taken into account and the reliability of the structure refinement can be additionally decreased.
It is surprising, that few articles deal with twinned structures under pressure and very often twinning is not  1 In the examples which have been chosen for the following discussion, no significant deviations from hydrostatic conditions have been reported. The influence of non-hydrostatic conditions on twin domain structures or pseudosymmetry could be completely different and could possibly lead to more pronounced changes in the underlying (micro-)structures, in particular when twins in ferroic materials are considered. However, to our knowledge the influence of non-hydrostatic conditions on twinned structures has not been described in the literature.  2 To our knowledge, twinning by reticular merohedry and merohedry of the lattice has been very rarely described at high pressures and will therefore not be discussed in detail here. discussed or details on twinning are lacking in the respective publications. Therefore most of the following information has been extracted from our own studies.
Twinning by merohedry
In merohedral twins the reflections of the different twin individuals in reciprocal space completely overlap. This implies that in reciprocal space the whole diffraction pattern can be indexed with one single orientation matrix. These twins are therefore difficult to detect by a simple inspection of reciprocal space. Therefore, several algorithms have been developed to detect merohedral twinning on the basis of diffraction intensity statistics and have been implemented into software programs [9, 10] . However, one should bear in mind that in high pressure data, due to the contamination of the diffracted intensities from the components of the diamond anvil cell, methods based on intensity statistics might not in all cases detect merohedral twins. A safer method for high pressure data is to try the different possible twin models, to compare their final overall agreement factors and the resulting structures and to make a decision about the correct model based on this comparison. As the number of different models, which have to be tested, is limited, this is a perfectly feasible approach.
Twinning by merohedry: type I
In twinning by merohedry, type I, the twinning element does belong to the Laue class but not to the point group of the crystal i.e. the twin operation is the inversion center. For a comprehensive summary concerning this type of twinning and the related problem of determining the absolute structure the reader is referred to [11] . In this type of twinning the information about the volume fractions of the different twin individuals depend entirely on the difference in the intensities of the Friedel pairs, which in turn depend on the correction factors f 00 for resonant scattering of the incorporated atoms. In general, the intensity differences of the Friedel pairs are small and it is difficult to reliably determine them in high pressure data. Although a series of acentric structures have been determined at high pressures (see e.g. [12] [13] [14] [15] [16] [17] [18] ) for most of them insufficient detail is given with respect to the presence or absence of inversion twinning or the determination of the absolute structure.
Of particular interest in the context of twinning by merohedry, type I, are the compounds which undergo a phase transition at high pressures where the inversion center is lost or restored, yet unfortunately only very few examples of this type are described in the literature.
One example, where the center of symmetry is recovered at high pressures, is the compound BaMgF 4 [15] which is ferroelectric at ambient pressures (space group Cmc2 1 ) and transforms to the paraelectric parent phase (Space group Cmcm) between 4.75 and 6.08 GPa. At ambient pressure the absolute structure could be determined and the absence of inversion twinning for this compound could be confirmed [19] . In the acentric phase at high pressures, however, it was not possible to reliably determine the volume fractions of the two twin individuals [15] , although a Hamilton test [20] clearly confirmed the structure to be acentric. However, this becomes understandable if one takes into account that the f 00 value for Ba in the high pressure data (λ ¼ 0:4 Å:
is significantly smaller than for the dataset at ambient pressure (λ ¼ MoKα: f 00 ¼ 2:282) and, in addition, the overall number of reflections -and with this the number of measured Friedel pairs -in the high pressure dataset is only about 1=3 of the number of reflections in the ambient pressure dataset. Also for the fresnoite related compound (NH 4 ) 2 V 3 O 8 , which is acentric at ambient pressure (space group P4bm) and which undergoes a first-order reversible phase transition at about 3 GPa to the related centrosymmetric phase (Space group P4=mbm) [18] , the f 00 values at the corresponding wavelength were too small to obtain reliable information about the occurrence of inversion twinning in the acentric phase, both at ambient and high pressures. An example where the center of symmetry is lost are the compounds MV 6 O 11 (M ¼ Na þ , Ba 2þ ) which undergo second-order phase transitions at high pressures in which the space group symmetry is reduced from P6 3 =mmc to P6 3 mc [21, 22] . In these cases the correction factors for resonant scattering are identical at ambient and high pressures (BaV 6 O 11 : f 00 (Ba) ¼ 2.282, NaV 6 O 11 :
The deviations from the centrosymmetrical space group symmetry are considerable at higher pressures, but it was still not possible to obtain reliable information about the occurrence of inversion twinning. In contrast, in BaV 6 O 11 at low temperatures [23] , where a comparable phase transition takes place, the twin volume fractions could be refined without problems. This can be attributed to the fact that at low temperatures about three times more Friedel pairs could be measured than at high pressures. This shows that optimal access to reciprocal space is a critical factor for the successful characterization of inversion twinning at high pressures.
For the mineral heyrovskyite [16] which undergoes a first order phase transition from a polymorph with space group symmetry Bbmm (Z ¼ 4) to a second phase with symmetry Pna2 1 (Z ¼ 8) at high pressures, the corrections factors for resonant scattering at the measured wavelength were very large (Pb: f 00 ¼ 4.032; Bi: f 00 ¼ 4.233).
More than 1000 Friedel pairs have been measured for the high pressure phase, yet, although it was possible to refine the twin volume fractions of the two individuals, the standard deviations were unreasonably high (volume fractions at 5.06 GPa: v I : v II ¼ 0:7ð2Þ : 0:3ð2Þ).
A series of studies have been carried out on compounds, which are acentric both at ambient and high pressures and in some of these cases it was possible to determine the absolute configuration at high pressures, provided the inversion distinguishing power of the used data were sufficiently high. This is e. was very high at the used wavelength and the absolute structure could be unambigously determined at high pressures. The examples clearly show that the determination of the absolute structure or the refinement of twin volume fractions in the case of inversion twins is difficult from high pressure data, though under favourable conditions (high f 00 values, large number of Friedel pairs) this information can be extracted.
Twinning by merohedry: type II
In merohedral twinning, type II, the twinning operation belongs to the holoedry (¼ maximum symmetry) of the crystal lattice but not to the point Laue group of the individual. Twinning of merohedry, type II, is only possible in the cubic, tetragonal, trigonal and hexagonal system. As in all merohedral twins, the intensities of reflections which belong to different twin individuals completely overlap. In difference to merohedral twins type I, where the differences between the intensities of the overlapping Friedel Pairs hkl and h; k; l are usually small, in merohedral twins of type II the differences in the intensities of the overlapped reflections can be substantial. Thus this type of twinning can cause severe problems in the structure solution process. To our knowledge, twinning by merohedry type II has rarely been observed at high pressures and very few examples exist where full details on the observed twinning are provided.
An example for the occurrence of merohedral twins type II at high pressures is β-Na 2 ThF 6 , which crystallizes trigonal, space group P321 (Z ¼ 1) at ambient conditions. The structure has a high pseudosymmetry with respect to the hexagonal space group P 62m (Z ¼ 1). This high pseudosymmetry is expressed by the fact that all investigated crystals were twinned, the twin operation being the 2-fold rotation around the crystallographic c-axis [25] . The twin volume fractions could be determined both at ambient and high pressures. They do not significantly change as a function of pressure, yet the standard deviation for the twin volume fractions is higher at high pressures than at ambient pressure (Fig. 1) .
A second example are ternary fluoride compounds of general composition KLnF 4 (Ln ¼ Y, Ho, Er, Tm, Yb), in particular KYF 4 and KYbF 4 [14] . These compounds form fluorite-related superstructures and -depending on the individual crystals -crystallize in space group P3 1 or P3 2 (Z ¼ 18) at ambient conditions. They have pronounced pseudosymmetry with respect to two minimal supergroups, P3 1 (k ¼ 3) or P3 1 12 (t ¼ 2), respectively (see below). Both KYF 4 and KYbF 4 undergo a structural phase transition at approximately 4 GPa pressures in which the crystals break. The structure of the high pressure poly- morphs is unknown. At ambient pressure an additional 2-fold rotation around the [120] directions was taken into account as additional twin element for both compounds and the respective twin volume fractions refine to 0.5 : 0.5 within the estimated standard deviations for both individuals. For the high pressure data (below the critical pressure of the phase transition) the introduction of the twinning operation in the refinement led to a considerable decrease of the overall agreement factors. The reliable refinement of the twin volume fractions was also possible with the high pressure data, although standard deviations for the twin volume fractions are again increased in the high pressure data when compared to the ambient pressure data (Fig. 1) .
Further examples for high pressure investigations, where merohedral twinning, type II, is possible, are the scheelite-related compound Li 2 CaHfF 8 which crystallizes in space group I 4 at ambient pressure [26] and the compounds NaLnF 4 (Ln ¼ La, Ce, Pr, Nd, Sm, Gd), which crystallize in space group P 6 [27] . For all of these compounds twinning was tested both at ambient and high pressures, yet refined volume fractions of the second twin individual were not significantly different from zero in any of the cases.
Twinning by pseudomerohedry
In pseudomerohedral twins the twinning operation corresponds to a pseudo-symmetry element of the lattice. A visible sign for the existence of pseudomerohedral twinning is the splitting of reflections in reciprocal space. The distance between the splitted reflections increases when one moves away from the origin of reciprocal space. Figure 2 shows a typical diffraction pattern of a pseuodmerohedral twin in which both twin lattices are indicated. Naturally, in this case more than one orientation matrix is necessary to index the observed reflections.
In various publications in the literature pseudomerohedral twinning is mentioned at high pressures e.g. [28, 29] , yet often it is not described whether a significant change of the splitting of reflections has been observed and little or no information about the twin volume fractions as a function of pressure is provided. An exception is the case of Cu 2 CO 3 (OH) 2 [30] where the twin volume fractions were refined as a function of pressure. This compound crystallizes in the malachite structure (space group P12 1 =a1) at low pressures and undergoes a phase transitions to the rosaite structure (space group P2 1 =b11, in the same cell setting as malachite) at pressures of approximately 7 GPa. The crystals were twinned both at ambient and high pressures with an additional mirror plane as the twin operation and the twin volume fractions where refined as a function of pressure for both polymorphs (Fig. 3) . As can be seen in the figure the volume fractions vary as a function of pressure and do not follow a clear trend. The authors attributed this variation to the fact that the crystal orientation is varying with respect to the primary beam and that, depending on the position, the volumes of the two twin domains which are illuminated, are changing [30] . If this is the case, than this implies of course, that a reliable determination of the volume fraction of the twin domains can only be achieved if the size of the primary beam is large enough to ensure that the whole crystal is bathed in the beam at all times during the diffraction experiment. Diffraction experiments using beam sizes smaller than the crystal would not be suitable for a reliable characterization of the underlying twin domain structure. Another example is TlTeVO 5 which crystallizes in the acentric space group Pna2 1 (Z ¼ 4) [31] . The orthorhombic phase is stable up to the highest pressure investigated. Also in this case, pseudomerohedral twinning is already observed at ambient pressure. The twinning operation is a 3°rotation around the ½1 20 direction and is clearly detectable by a prominent splitting of reflections both at ambient and high pressures (Fig. 2) . No significant change in the orientation of the twin individuals is observed when pressure is increased and refined twin volume fractions do not change within estimated standard deviations up to a pressure of 7.11 GPa.
A very complex type of twinning, both at ambient and high pressures, is observed in CsMgInF 6 , which at ambient conditions crystallizes in a distorted pyrochlorerelated structure (space group Pnma, Z ¼ 4 [32] ). The orthorhombic polymorph is in direct group-subgroup relation to the archetype pyrochlore structure with cubic symmetry (Fd 3m). As a consequence, six twin individuals have to be taken into account for the orthorhombic phase resulting from the loss of the 3-and 4-fold axis of the cubic system. At ambient pressure, the distortion of the orthorhombic metrics from the cubic one is minimal and deviations from the cubic metrics are not significant. However, at high pressures, the deviation becomes significant and the pseudomerohedral twinning leads to a visible splitting of reflections. The refinement of the volume fractions of all six twin domains from high pressure data (collected at 6.04 GPa) was possible in this case [33] and the refined volume fractions were 0.56(2) : 0.00(2) : 0.10(2) : 0.11(2) : 0.17(2) : 0.06(2).
Pressure-induced pseudomerohderal twinning accompanying structural phase transitions has also been described. An example is found in BaZnF 4 [15] . The compound crystallizes orthorhombic at ambient pressure (space group Cmc2 1 ) and undergoes a first-order phase transition to a monoclinic phase (P11n) at pressures above 5 GPa. Both phases co-exist close to the critical pressure of the phase transition. Despite the fact that the transition to the high pressure polymorph requires a substantial rearrangement of the building units of the low pressure structure, rotational symmetry elements of the low pressure polymorph serve as twin operation (a mirror plane perpendicular to the crystallographic b-direction). The refined twin volume fractions were 0.525(18) : 0.475 (18) . A similar case is described for PbS, which at ambient pressure crystallizes in the NaCl structure (space group Fm 3m, Z ¼ 4). At higher pressures (2.2 GPa), it undergoes a first-order phase transition to an orthorhombic structure (Cmcm, Z ¼ 4) [34] and with further increase of the pressure a second phase transition is observed in which the structure transforms to the CsCl structure (Pm 3m, Z ¼ 1) [35] . For the orthorhombic polymorph, twinning had to be taken into account to explain the appearance of all observed reflections in the diffraction diagram and to reach satisfactory agreement factors. The twinning leads to a significant broadening of the reflections in reciprocal space. The orthorhombic polymorph is not in direct group-subgroup relation to the low pressure cubic polymorph. However, one can deduce six different twin laws corresponding to the lost rotational symmetry elements of the crystal lattice of the cubic polymorph. Structure refinements have shown that the introduction of the six corresponding twin operations and the subsequent refinement of the twin volume fractions did not result in a reasonable fit to the measured reflection intensities. Instead the best choice to describe the twinning in a satisfactory way was a single twinning operation corresponding to a 180°rotation around the orthorhombic ½21 2 direction, which corresponds to the ½110 direction in the cubic setting [34] . In this case the refined twin volume fractions were 0.85(2) : 0.15 (2) .
Finally, pressure-induced pseudomerohedral twinning leading to a broadening or splitting of reflections was also described for many other crystals like e.g. ZrO 2 [29] , chlorpropamide [36] , the ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate [37] , the perovskite-like relaxor ferroelectric 0.9 PbZn 1=3 Nb 2=3 O 3 -0.1 PbTiO 3 doped with Ru [38] or FeS [28] , yet in all these cases little detail on the behaviour of the twin volume fractions is provided by the authors.
Analysis of pseudosymmetry
Different approaches have been used to quantify the pseudosymmetry of a crystal structure. In principle, a structure with space group H is said to be pseudosymmetric with respect to a supergroup G if the positions r j of all the atoms j can be described as r j ¼ r 0 j þ u j , where u j are small displacements and where the virtual atomic positions r 0 j have a higher symmetry described by a supergroup G of H. For the following considerations we will use the approach which is implemented in thepro-gram PSEUDO [39] , available at the Bilbao Crystallographic Server (www.cryst.ehu.es) 3 . In a first step, this program searches for the minimal supergroups G of the given space group H of the structure in question. In a second step, the coset representatives of the left coset decomposition of the chosen supergroup G with respect to H are applied to the structure. In other words, the additional symmetry elements of the supergroup G of H are applied to the atoms of the lower symmetrical structure and new virtual atomic positions are produced. The maximum distance between the original position of the atoms and the new virtual positions in the supergroup can then be used as a quantitative measure for the pseudosymmetry. The smaller this distance, the higher the pseudosymmetry. If all the distances between the original and virtual atomic positions in the supergroup are smaller than a tolerance value (in the following Δ # 2 Å, [39, 42] ), the structure is said to be pseudosymmetric with respect to the supergroup G.
If one looks at the pseudosymmetry as a function of pressure, one can obtain information about whether the application of pressure moves the structural symmetry closer to a higher supergroup symmetry or to an even stronger distortion from the supergroup symmetry. In principle, pseudosymmetry has thus a high potential to predict phase transitions to high pressure polymorphs with different symmetries and can also serve as a means to highlight the differences in the high pressure behaviour of two closely related compounds. In the following we will illustrate the usefulness of the pseudosymmetry concept in high pressure studies on a series of examples.
In difference to the twinning considerations, which we discussed in the previous chapters and which require the existence of single crystal investigations, pseudosymmetry analysis can be applied both to powder and single crystal data.
An example about the information content of pseudosymmetry analysis based on powder diffraction studies are the high pressure investigations on PbWO 4 and BaWO 4 [43] . Both compounds crystallize in the scheelite structure at ambient conditions (space group I4 1 =a, Z ¼ 4). Synchrotron and neutron powder diffraction experiments on BaWO 4 show that the I4 1 =a phase is stable to 5.4 GPa; at higher pressures (above 7 GPa) the compound transforms to the monoclinic fergusonite-like structure (space group I2=a, Z ¼ 4, Fig. 4) . In contrast to this, the compound PbWO 4 , which is isotypical to BaWO 4 at ambient pressure, is stable up to 4.9 GPa. Above this pressure the synchrotron powder diffraction data indicate the formation of a new phase. Neutron powder diffraction experiments on PbWO 4 confirm this observation, although, in addition, a significant broadening of reflections is observed at pressures above 4.9 GPa. Up to now the structure of the newly formed phase could not be unambigously identified. It is, however, clear that the powder diffraction diagram cannot be explained assuming the formation of a fergusonite phase like in BaWO 4 [43] .
An analysis of the pseudosymmetry (Fig. 5 ) of the structures of the two low pressure polymorphs shows pseudosymmetry with respect to the minimal supergroup I4 1 =amd (see Fig. 4 ). At ambient pressure the maximum [43] . Calculated with Pseudo [42] .
displacements of the atoms needed to reach the higher symmetry is approximately 1.38 Å for BaWO 4 and 1.54 Å for PbWO 4 . It is striking that the evolution of pseudosymmetry with pressure is different in both compounds: while for the Pb-compound the pseudosymmetry is increasing, for the Ba-compound it is decreasing with increasing pressure (Fig. 5) . The decrease of the pseudosymmetry of the Ba-compound can be closely related to the further reduction of the symmetry to monoclinic at higher pressures. On the other hand, the observation that the symmetry of the Pb-compound is increasing at higher pressures, rather suggests the formation of a higher symmetrical polymorph for PbWO 4 . In a similar way, the pseudosymmetry was analyzed for the scheelite Li 2 CaHfF 8 . This compound crystallizes in space group I 4, which is also a subgroup of I4 1 =amd, though not a minimal one (Fig. 4) . In this case the pseudosymmetry is only with respect to the minimal supergroup I 4m2 (further increase of the symmetry would require a disordering of the cations) and the maximum displacements needed are 0.6355 Å at ambient and 0.5931 Å at (3.42 GPa), indicating the increase of pseudosymmetry.
Another example for pseudosymmetry analysis are the high pressure studies on fluoride compounds of general composition KLnF 4 (Ln ¼ Y, Ho, Er, Tm, Yb) [14] . These compounds are fluorite-related superstructures and as such possess a high pseudosymmetry. The individual compounds crystallize in space group P3 1 or P3 2 (Z ¼ 18) and have pronounced pseudosymmetry with respect to the two minimal supergroups P3 1 (Z ¼ 6) or P3 1 12 (Z ¼ 18) and also with respect to the general supergroup P3 1 21 (Z ¼ 6) (Fig. 6 ). The two compounds KYF 4 and KYbF 4 have been studied as a function of pressure. At pressures above 4 GPa the crystals break and the structures of the new high pressure polymorphs could not be determined. An analysis of the pseudosymmetry of both compounds shows that, up to the pressure of the phase transition, the pseudosymmetry with respect to the supergroups decreases with increasing pressure [14] . For this group of compounds it is also interesting to compare the effect of hydrostatic pressure and "chemical pressure" i.e. the effect of the substitution of cations by others of a smaller size. This comparison can easily be done if one looks at the pseudosymmetry as a function of the unit cell volume (Fig. 7) . As can be seen in the figure, the increase of chemical pressure in the compounds by substituting the Ln 3þ -ion with smaller cations leads to an increase of the pseudosymmetry and thus has exactly the opposite effect as the application of hydrostatic pressure. A similar comparison between hydrostatic and "chemical pressure" can be applied for compounds of general composition NaLnF 4 (Ln ¼ La,Ce, Pr, Nd, Sm, Gd). The average structure of all of these compounds (for details see [27] ) crystallize in space group P 6 and two individual representatives (NaGdF 4 and NaPrF 4 ) have been studied under hydrostatic pressure up to 6.16 GPa. In this case, it is of particular interest to look at the pseudosymmetry of the crystal lattice. The hexagonal metrics of the ambient pressure phases shows only a slight distortion from a cubic lattice if one applies e.g. the following transformation
bic setting, the deviation from the cubic metrics can be quantified by taking the deviation of the rhombohedral angle α ¼ β ¼ γ from 90°. The angle α is shown in Fig. 8 as a function of the unit cell volume. Clearly, two different trends for the lattice distortion are indicated when inducing "chemical pressure" (by substitution with the smaller rare earth ions) and hydrostatic pressure: while the substitution with smaller lanthanide ions leads to a nearly linear increase of the rhombohedral angle α the application of hydrostatic pressure leads to a significant decrease of the rhombohedral angle in both compounds that were investigated at high pressures. A compound where it is worthwhile to look both at the maximum displacements of the atoms with respect to a higher symmetrical supergroup and the distortions of the lattice is Tl 2 MoO 4 , which crystallizes in a glaserite related structure [44] . At ambient pressure, it undergoes a structural phase transition from a trigonal phase (space group P 3m1, Z ¼ 2) to a monoclinic phase (C2, Z ¼ 4) at 311 K [44, 45] . The monoclinic polymorph is also stable at high pressures up to approximately 3.5(5) GPa. Above this pressure the compound undergoes a first order phase transition, in which the crystal is destroyed [46] . The pseudosymmetry of the monoclinic structure with respect to the trigonal supergroup is decreasing as a function of pressure. For the ambient pressure structure, maximum displacements of 0.5451 Å are necessary to reach the higher symmetry, at high pressures (3.2 GPa) the maximum displacements are 0.6618 Å. The overall distortion of the lattice with respect to the ideal orthohexagonal is also increased at higher pressures. This can be seen from Fig. 9 , which shows the a/b-ratio (ideally ffiffi ffi 3 p in the orthohexagonal setting) and the monoclinic angle as a function of the unit cell volume.
A compound where the pseudosymmetry is decreasing drastically as a function of pressure is CsMgInF 6 [32, 33] , which crystallizes in a distorted pyrochlore-related structure (space group Pnma, Z ¼ 4). At ambient conditions is has a very high pseudosymmetry towards the minimal supergroup Imma (maximum displacements are as small as 0.15 Å) but at higher pressures (6.04 GPa) the necessary displacements are already as high as 1.896 Å. Although these displacements are very large, they are perfectly comparable to the ones observed in other pyrochlore-related structures with different compositions at ambient conditions.
Conclusions
Various conclusions can be drawn from the above considerations. [44, 46] -The limited data that is available on crystal twinning, show that, in principle, it is possible to characterize twinned structure from high pressure single crystal diffraction data. This is especially true for pseudomerohedral twinning and for merohedral twinning type II. For both cases of twinning, the twin volume fractions have been refined reliably for a series of examples. As expected, for merohedral twinning type I (i.e. inversion twinning) reliable data are far more difficult to obtain. However, the absolute configuration of individual compound has already been successfully determined in individual cases, where the number of measured Friedel pairs was large enough and the correction factors f 00 for resonant scattering had suitably large values. This indicates that -with a suitable choice of the wavelength and an optimal access to reciprocal space -the treatment of merohedral twins, type I, from high pressure data is in principle feasible. -In none of the studies where twin volume fractions have been refined as a function of pressure, a significant influence of the hydrostatic pressures on the volume fractions of the individuals was observed. This suggests (on the basis of the data which are available at present) that the domain structure in twinned crystals is not substantially influenced by the application of pressure. -If reliable twin-specific information is to be extracted from the diffraction experiments, an appropriate strategy for the high pressure experiment has to be chosen (maximum number of Friedel pairs, high coverage, choice of wavelength which ensuressuitable resonant signal, sufficient beam size to ensure that the crystal is completely bathed in the beam). -For a series of compounds which undergo first order phase transitions at high pressures, the formation of twins was observed. The twinning operations in these cases are generally related to the lost rotational symmetry elements of the higher symmetrical polymorph. This is remarkable, as the space groups of the high and low pressure phases are not in groupsubgroup relationship. -The analysis of the pseudosymmetry of a series of compounds suggests that an increase of the pseudosymmetry with increasing pressure stabilizes the compounds at high pressures and can serve as an indication for a phase transition to a higher symmetrical structure, even if the transition pressure is not reached in the experiment. A decrease of pseudosymmetry, on the other hand, indicates a phase transition to a lower symmetrical structure or even a first order transition in which the crystals frequently break or amorphize. Pseudosymmetry thus seems to be a good parameter to predict the stability of compounds under high pressure. However, it requires more detailed analysis of the existing high pressure studies to figure out whether pseudosymmetry could also be used to predict critical pressures quantitatively on the basis of the observed trends. -Finally, it is interesting to note, that the effect of "chemical" and hydrostatic pressure on the pseudosymmetry of compounds does not necessarily seem to follow the same trend. In two of the systems where sufficient data were available to carry out a detailed comparison, the effect of hydrostatic and "chemical" pressure led to opposite trends. This suggests that the increase or decrease of pseudosymmetry cannot be understood as a pure volume-dependent effect.
